Abstract. This paper discusses Wolfspeed's advances in silicon carbide (SiC) power module packaging, focusing on recent developments in advanced power module heat transfer techniques, the integration of pinfin mechanical structures, and the implementation of advanced die attach materials. Heat spreader materials and novel cooling methods suitable for SiC power modules are presented, focusing on the thermal heat transfer properties and a discussion of the design and prototype experimental impacts.
Introduction
The push to enable higher power density and higher efficiency power electronics systems utilizing SiC-based power devices continues to grow in a number of military, commercial, and industrial applications including high speed motor drives [1] , down-hole drilling [2] , hybrid-electric and all-electric vehicle chargers [3] , solar/wind inverters [4] , high voltage circuit breakers [5] , power conversion for naval ships [6] , solidstate transformers [7] , smart grid-tie systems [8] , energy storage systems [9] , and rail transport [10] to name a few. Due to this demand, SiC power devices have been commercially available for over a decade and continue to steadily improve in performance in terms of switching speed, current density, reliability, increased temperature operation, and thermal resistance to meet the needs of the aforementioned applications. Consequently, this dramatic improvement in die performance over its silicon counterparts has posed many power packaging challenges, which as they are realized, can continue to unlock the full potential of silicon carbide power devices. Fig. 1 shows some of the materials, processes, and design concepts that enable high power density SiC power module designs, focusing on advanced component attaches and heat transfer cooling methods. Silver sintering pastes and films have become an attractive replacement for industry standard solders due to their extremely high thermal conductivities (> 200 W/m·K), low cure temperatures (200 °C -250 °C), relatively low elastic moduli, and high temperature usages (> 200 °C). Thermal conductivity and shear strength results as well as thermal simulations and experiments will be presented in a later section demonstrating the clear impact of using these materials.
Advanced cooling methods designed specifically for high power density modules must be further developed and transitioned to commercial products. Fig. 2 compares the heat transfer coefficient for various cooling technologies such as passive two phase immersion, single phase microfluid channels, and two-phase jet impingement cooling ranging from 10 W/m 2 ·K -300,000 W/m 2 ·K [11, 12, 13] . This figure is comprised of three heat transfer mechanisms consisting of natural convection, forced convection, and electro-cooling. It is important to mention that high power density systems rely on some form of liquid cooling due to the high transfer coefficients and heat capacities compared to air cooling. Thus, the results in this discussion will focus on a direct-cooled single phase micro-fluidic channel heat transfer approach. This allows the power module to directly mount into the coldplate manifold eliminating the thermal grease layer, often making up 20 -30% of the total thermal resistance stack-up. The modeled and experimental results comparing a standard mounted power module to a direct-cooled power module will be presented in a later section.
Silver Sintering Die Attach Results
New silver sintering die attach materials implemented in Wolfspeed SiC power modules, and their corresponding technical characteristics such as thermal conductivity, cure/melt temperature, and shear strength have been measured. Die with dimensions of 3 mm × 3 mm were mounted to the Ni/Au plated copper substrates using sintering pastes, conductivity epoxies, and high temperature solders. Fig. 3(left) shows the shear strength at 325 °C for the various attach materials demonstrating that one sintering paste had a shear strength of 4× military standards even at this extremely high temperature. It is important to point out that the Au80Sn20 solder sample demonstrated a fairly high shear strength despite testing above its melt temperature of 283 °C. This is most likely due to a higher Au rich alloy forming due to the Au plated substrates. In addition, Fig.  3(right) shows the modeled and experimental results demonstrating an extremely high thermal conductivity of 200 W/m·K as specified on the datasheet. This is equivalent to a 4× increase in thermal conductivty as compared to some of the best solder attach materials available. 
Direct-Cooled Power Module Results
In addition to using high thermal conductivity materials with high heat transfer characteristics, eliminating thermally resistive layers and increasing the heat transfer coefficient of the cooling system significantly reduces the die to fluid thermal resistance further reducing the die temperature during operation. This is achieved by directly mounting a power module into a coldplate manifold eliminating the thermal grease bulk and interface layers coupled with engineering pinfin structures on the backside such that the single-phase micro-fluidic cooling is utilized. Fig. 2 . The heat transfer coefficient for various cooling technologies [11, 12, 13] . The micro-fluidic cooling approach demonstrated in this paper is highlighted by the red star.
In order to evaluate the impact of the approach, three different configurations were modeled consisting of: 1) a standard mounted power module using thermal grease for coldplate mounting and standard die and substrate solder attaches, 2) a direct-cooled module using standard die and substrate solder attaches, and 3) a direct-cooled module using sintering materials for the die and substrate attaches. Fig. 4 displays threedimensional finite-element modeling results showing the total thermal resistance for each of the different configurations. As shown in the figure, by moving towards a direct-cooled power module approach while utilizing high thermal conductivity materials, the total thermal resistance can be cut almost in half.
The use of high thermal conductivity attach materials with a pinfin direct-cooling approach was then experimentally investigated to validate the thermal impact. Fig. 5 shows an infrared image of the baseline module comprised of die and substrate solder attaches and mounted with thermal grease as compared to the direct-cooled module that uses silver-sintering for the die and substrate attach. As shown in the figure, the baseline case shows a maximum die temperature of 175 °C whereas the direct-cooled case shows a maximum die temperature of 140 °C, demonstrating a significant reduction in die temperature of 20 %. For this test, the total power loss in both module configurations was held constant at 1458 W such that the baseline reached a maximum die temperature of 175 °C when the coldplate fluid was 20 °C. An additional test was performed where the current and power loss was varied such that the die temperature was maximized to 175 °C. In this case, a current of 344 A for the baseline module was demonstrated as compared to a current of 401 A for the direct-cooled approach. This is a 17 % increase in current. More details of the experimental setup and results can be found here [14] .
It is important to point out that in both infrared images, current sharing was very good in all four switch positions. This suggests that the die and substrate attach for both configurations were high quality bonds since the thermal profile of the die within the same switch position were equivalent. Fig. 5 . Infrared images of the thermal profile for (left) a standard SiC power module using solder for the die and substrate attach mounted to the coldplate with a thermal grease and (right) the same module series using silver sintering for the attach layers coupled with the direct-cooled approach. Fig. 4 . The thermal resistance of a standard power module mounted with a thermal grease material, a direct-cooled module using standard solder attaches, and a direct-cooled module using sintering materials.
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Summary
In this paper, the advantages of using high thermal conductivity silver sintering die and substrate attach materials were presented as well as experimental results demonstrating a high shear strength at temperature and high thermal conductivity. In addition, a direct-cooled power module design approach was discussed. Simulated results demonstrated nearly a 50% reduction in thermal resistance as compared to the baseline approach. Experimental results demonstrated a 20 % reduction in die temperature and an increase in current of 17% utilizing the micro-fluidic pinfin direct-cooled power module design approach couple with high thermal conductivity silver sintering die and substrate attach materials.
